Delayed cerebral vasospasm is thought to be caused by factors released from a subarachnoid blood clot. Because vasospasm occurs several days after hemorrhage, we hypothesized that clotted blood releases vasoactive factors as it ages. Targeted proteomics identified histidine-rich glycoprotein (HRG) as a potentially vasoactive factor released within the first 72 hours of clot formation. In vitro studies revealed that HRG caused moderate (B30%) dilation of cannulated cerebral arterioles and proliferation of cerebrovascular endothelial cells. We conclude that HRG released from clotted blood, while unlikely to contribute to cerebral vasospasm, might provide important vasodilatory or angiogenic stimuli after hemorrhagic stroke.
INTRODUCTION
Rupture of intracranial aneurysms, which occurs in approximately 2% of the population, 1 causes diffuse subarachnoid hemorrhage (SAH). Many SAH patients are affected by delayed ischemic neurologic deficits associated with cerebral vasospasm 5 to 14 days after SAH. Large artery vasospasm and microvascular dysfunction are presumed to restrict blood flow and cause ischemic stroke. 2 Numerous causative agents of vasospasm have been suggested, yet the majority of these agents are most abundant immediately after hemorrhage (0 to 24 hours) and thus seem unlikely to cause delayed vasoconstriction (onset at B4 days post SAH in humans 3 ). We therefore investigated changes in the proteome of aging blood clots to identify proteins that are released over time and that might be involved in the pathogenesis of cerebral vasospasm and delayed ischemic neurologic deficits.
MATERIALS AND METHODS Animals
New Zealand white rabbits (n ¼ 3) were sedated with acepromazine (2 mg/ kg intramuscular) and blood was collected from the central artery of the ear. Domestic pigs (8 to 12 weeks' old of either sex; 7 to 10 kg, n ¼ 6) were sedated with tiletamine/zolazepam (Telazol, 4.4 to 6 mg/kg, intramuscular) and anesthetized with 2% to 4% isoflurane. After a left thoracotomy, the heart was excised for a separate study, then the skull was removed and the brain was carefully isolated and placed in cold (51C) saline solution. All procedures were approved by the Institutional Animal Care and Use Committee of Texas A&M University and performed at an AALAC accredited facility in accordance with the guidelines established by the National Institutes of Health.
Blood Processing and Culture
Aliquots of clotted rabbit blood were placed in an incubator at 371C, aged under sterile conditions in the dark for up to 120 hours, and harvested after 0, 24, 72, and 120 hours. Each sample was then centrifuged at 1400 Â g and the resulting serum was frozen at À 801C.
Protein Identification
Rabbit serum samples (n ¼ 3) were passed through heparin-affinity chromatography columns (HiTrap, GE Healthcare, Uppsala, Sweden) and the eluent was electrophoresed on a 4% to 12% Bis-Tris gradient gel (Invitrogen, Carlsbad, CA, USA) and stained with GelCode Blue (Thermo Scientific, Rockford, IL, USA) to visualize proteins. N-terminus protein sequencing was performed by the Protein Chemistry Laboratory at Texas A&M University on an Applied Biosystems Procise 492 protein sequencer. Desalted chromatography eluants (n ¼ 3) as well as serum samples from an additional four rabbits were immunoblotted for histidine-rich glycoprotein (HRG; primary antibody polyclonal mouse anti-human HRG, 1:2,500, Novus Biologicals, Littleton, CO, USA; secondary antibody HRP-conjugated goat anti-mouse IgG Fcg, 1:10,000, Jackson Immunoresearch, West Grove, PA) using standard protocols. 4 Bands were quantified using ImageJ software 5 and normalized to total protein concentration as measured by BCA assay (Thermo-Pierce).
Functional Assays
Single porcine pial arteriolar branches (20 to 60 mm in internal diameter in situ, 0.6 to 1.0 mm in length without branches) were isolated from the surface of the cerebral cortex and cannulated for in vitro study utilizing video microscopic techniques as described previously. 6 Arteriolar responses to recombinant human HRG (R&D Systems, Minneapolis, MN, USA; reconstituted in physiological saline solution) were recorded. Porcine arterioles were used in an attempt to avoid potential problems resulting from low homology levels between rabbit and human HRG. All arterioles were pressurized to 60 cmH 2 O intraluminal pressure without flow and developed myogenic tone (54±3% of maximum diameter), constricted in the presence of 1 nM endothelin-1 (60% to 70%), then dilated when exposed to 1 nM bradykinin (80% to -90%). Average resting diameter was 38 ± 6 mm and average maximum diameter was 82 ± 9 mm. At the end of each functional experiment, the vessel was relaxed with 0.1 mmol/L sodium nitroprusside in ethylenediaminetetraacetic acid (1 mmol/L)-Ca 2 þfree physiological saline solution to obtain its maximum diameter at 60 cmH 2 O intraluminal pressure. Proliferation assays of murine cerebrovascular endothelial (CVE) cells were performed as described previously 7 in the presence or absence of HRG. Cells were cultured for 48 hours, then treated with the live-cell stain MTS (Promega, San Luis Obispo, CA, USA). Absorbance of the lysate was read with a spectrophotometer at 490 nm. Concentrations of HRG used in functional experiments were chosen based on published in vitro data. [8] [9] [10] The human HRG protein used herein shows a relatively high degree of homology with predicted sequences of both porcine and murine HRG (64% and 63% homology, respectively).
Cerebrovascular Endothelial Cell Staining and Visualization
To visualize CVEs at the completion of the proliferation assays, CVEs were fixed with 4% paraformaldehyde for 15 minutes, rinsed with PBS, and stained with crystal violet solution (2.3% in 20% ethanol) for 10 minutes, followed by two washes and storage in PBS. Pictures were taken on a Nikon Eclipse Ti phase microscope with an AxioCam MRc5 camera, using Axiovision R 4.8.2 software (Carl Zeiss, Inc., Thornwood, NY, USA).
Data Analysis and Statistics
Data were analyzed using Prism 6.0 software (GraphPad, San Diego, CA, USA). Diameter changes in response to HRG were normalized to the arteriole's maximally dilated diameter and expressed as percent maximum dilation. One-way analysis of variance was used to evaluate the change in HRG abundance in electrophoresed gels and immunoblots.
RESULTS

Isolation of Clot Proteins
The protein profile of serum from aged arterial blood (n ¼ 3) was analyzed using heparin-affinity chromatography as many growth factors and clotting proteins, a number of which have been implicated in the development of vasospasm, 11 bind to heparin. Several minor proteins were released from the clot during the culture (data not shown); we focused on the band that showed the largest change in relative abundance. Relative to control at time 0, the integrated density of this 70 kDa band was elevated 393% at 24 hours (P ¼ 0.02), 280% at 72 hours (P ¼ 0.03), and 119% at 120 hours (P ¼ 0.19).
Identification of Histidine-Rich Glycoprotein
The N-terminal sequence of the protein isolated from the 70 kDa band was LTPTDX, with X most likely representing cysteine. This sequence was compared with the rabbit proteome using both the MASCOT and BLAST search algorithms. Three rabbit proteins contained this amino-acid sequence (LTPTD or LTPTDC) and of these, only HRG was of the correct molecular weight and contained the LTPTDC sequence at the N-terminus. Immunoblotting of the chromatographic eluants confirmed the identity of HRG and showed a significant elevation in protein abundance at 24 and 72 hours of culture (Po0.05), but not at 120 hours (Figure 1) . Similar results were seen using whole serum supernatants from aged blood clots (n ¼ 4), although these values did not reach statistical significance (data not shown). Vascular Responses to Histidine-Rich Glycoprotein We next assessed cerebral arteriolar responsiveness to HRG. Acute addition of HRG (1 ng/mL to 1 mg/mL) to the adventitial bath of cannulated vessels caused a consistent, sustained (X5 minutes) vasodilation in all vessels (Figure 2A ), although the duration of the response was not specifically tested. The 1 mg/mL dose of HRG caused the greatest dilation (28 ± 6%). The effects of HRG could be 'washed out' by rinsing the arteriole with fresh physiologic saline solution. In contrast with previous studies in non-cerebral vessels, 9, 10 we found that HRG caused proliferation of CVE cells in a dose-dependent manner ( Figure 2B ). Low concentrations of HRG (1 pg/mL) tended to decrease proliferation without causing visible toxic effects ( Figures 2C, P ¼ 0.08) , whereas elevated concentrations (41 mg/mL) enhanced proliferation (Po0.05).
DISCUSSION
The prevailing paradigm in vasospasm research is that factors present in the subarachnoid clot act directly on endothelial and smooth muscle cells to cause a transient, entrenched narrowing of one or more arteries, which leads to regional ischemia and neurologic deficits. We, like others, 12, 13 hypothesized that the agent(s) responsible for vasospasm might be released from the clot as it ages. In this study, we identified a major protein released from aging blood clots as HRG and observed, for the first time, its vasodilatory effects on cerebral arterioles and proliferative actions on CVE cells.
The vasodilator actions of HRG, in combination with its early (relative to the development of vasospasm) release from clotted blood, make it an unlikely contributor to the vascular dysfunction and cerebral ischemia often seen after SAH. However, it is possible that the release of HRG in the first 72 hours after clot formation could provide a vasodilator stimulus to counteract effects of various vasoconstrictors present at that time. The growthpromoting actions of HRG on CVE cells is also intriguing, given its well-documented anti-angiogenic effects in non-cerebral vessels, [8] [9] [10] although the in vivo relevance of this finding remains to be determined. We tested concentrations of HRG within the range of those generally used in cell culture experiments, 9 although the concentration of HRG in the cerebrospinal fluid after SAH is likely to be much higher. Based on published measurements of clot volume and rate of clearance, 14 we estimate the concentration of HRG in cerebrospinal fluid to be between 10 and 85 mg/mL (B0.17 to 1.42 mM). It is thus possible that the in vivo actions of HRG are reflective of the higher concentrations tested herein (e.g., vasodilation and cellular proliferation) rather than the antiangiogenic effects shown previously, although this hypothesis was not specifically tested in the current study. The vascular effects of HRG in combination with its immunomodulatory 15 properties make HRG a potentially important player in determining the outcome of delayed cerebral vasospasm and hemorrhagic stroke.
